Detailed analysis of recent high beta discharges in the DIII-D [Plasma Physics Controiled Nuclear Fusion Research, 1986 (International Atomic Energy Agency, Vienna, 1987, Vol. I, p. 1591 tokamak demonstrates that the resistive vacuum vessel can provide stabilization of low n magnetohydrodynamic (MHD) modes. The experimental beta values reaching up to &= 12.6% are more than 30% larger than the maximum stable beta calculated with no wall stabilization. Plasma rotation is essential for stabilization. When the plasma rotation slows sufficiently, unstable modes with the characteristics of the predicted "resistive wall" mode are observed. Through slowing of the plasma rotation between the 9 =2 and 4 =3 surfaces with the application of a nonaxisymmetric field, it has been determined that the rotation at the outer rational surfaces is most important, and that the critical rotation frequency is of the order of W27r= 1 kHz. 0 199.5 American Institute of Physics.
INTRODUCTION
The economic viability of a tokamak reactor depends upon the reliable operation with sufficient energy confinement time, rE, for ignition margin, and sufficiently high volume average toroidal beta, &, to attain the required fusion power density. Here p*=(p) X 2&B$ is the ratio of the volume-average plasma pressure to the confining magnetic field. The value of B, used in this paper is the vacuum toroidal field at the center of the last closed flux surface, BT = B'T" (Rm,), R,,,=(R ma+Rmin)/2. Although beta values predicted by "Troyon scaling,""2 are sufficient for ignition experiments and the design of tokamak power plants, significant reductions in the size and cost of a tokamak power plant can be realized if the maximum operating beta can be increased beyond that given by Troyon scaling.3 Recent tokamak experiments routinely obtain energy confinement values, which greatly exceed that predicted by low-mode (L-mode) scaling relations, H= GxP/$nR-89PZ3, where H is the ratio of the experimental confinement time to that predicted by the ITER-89P confinement scaling calculation.4 In these experimentally achieved improved energy confinement regimes, the ability to increase the fusion power density is no longer limited by transport or heating power, but instead by stability at high beta. ' To take advantage of these better energy confinement regimes, reliable operation at higher values of beta is thus required.
Although there are a number of techniques to avoid the stability limit imposed by ideal internal modes (ballooning, infernal, and internal kink), ultimately, beta is limited by low-n ideal kink modes. Theory calculations have shown that a nearby, ideal conducting wall can stabilize the external *Paper 4IA2, Bull. Am. Phys. Sot. 39, 1607 Sot. 39, (1994 . ' Invited speaker. %resent address: Columbia University, New York, New York, 10027. "Present address: Lawrence Livermore National Laboratory, Livermore, California 9455 1. ')Present address: Gustavus Adolphus College, Saint Peter, Minnesota 56082.
kink. In proposed "advanced tokamak regimes," the calculated stabilization by an ideal conducting wall can increase beta by more than a factor of 2.5s6 For example, in the simulated DIII-D second-stable-core very high-mode (VH-mode) equilibria, values of normalized beta, PN= &(ZIaB)-' % mT/MA as high as p,,,,=5.7 are predicted to be stable, with a conducting wall at the location of the vacuum vessel. In contrast, the highest stable pN predicted without conducting a wall is only &,=2.8. Discharges have been produced in DIII-D7 with reversed central magnetic shear as proposed in the second stable core VH mode. Although pr has not yet been increased sufficiently in these discharges to test the stability limits, good confinement is obtained, H=3, and an internal transport barrier has been observed in the ion temperature profile.
Previous experiments had suggested that beta could exceed the ideal limit calculated without wall stabilization.*-lo These experiments claimed a better agreement with ideal theory if the real resistive wall were providing stabilization as if it were an ideal conductor. However, in these experiments, there was a lack of detailed pressure or 4 profile data, and a significant uncertainty in the value of the safety factor on axis, q(O). Given the known strong dependence of the predicted beta limit on both the 4 profile and the pressure profile,1*-'3 and the ambiguity introduced in the ideal calculations by the presence of the internal kink instability when q(O) < 1, these early experimental results were not taken as definitive. Furthermore, earlier theory work indicated that a resistive wall would not increase the stability limit against the ideal external kink, even in the presence of plasma rotation. 14-" However, recent DIII-D experiments's-20 have provided convincing evidence of stabilization by a resistive wall. Detailed measurements of the q profile with the motional Stark effect (MSE),2' have allowed more accurate equilibrium and stability analysis, and made it possible to obtain convincing evidence of stabilization by a resistive wall. We have observed beta values 30% greater than those predicted to be stable against the ideal kink in the absence of an ideal con-ducting wall for durations longer than ten wall penetration written such that the "ideal" terms, the "resistive wall" times. Detailed rotation measurements with the charge exterm, and the "dissipation" terms are separable as shown. change recombination spectroscopy (CER),22 have allowed Here d, is the critical plasma wall separation for an ideal us to assess the importance of plasma rotation in the kink wall; for d>d, , the plasma is ideal unstable and remains stabilization process. We clearly see low m/n modes appear, unstable as wall resistivity and plasma dissipation are added. and lead to termination of the high beta phase when the When the wall is made resistive, but without plasma dissipaplasma rotation is sufficiently slowed. In addition, during the tion, there is instability at all wall positions. For d<d, , the slow plasma rotation, we have observed a mode growing at mode is stationary with respect to the wall and the unstable approximately the resistive wall time scale, consistent with mode "penetrates" through the wall with a growth rate of the predictions from recent resistive-wall stabilization theory approximately y= pi ' : this mode is often called the "resismode. A six-segment error field correction coil to decrease tive wall mode." When dissipation is added with sufficient the existing nonaxisymmetric fields, or to produce large nonplasma rotation, the plasma becomes stable over a narrow axisymmetric fields," has recently been installed on the range of wall positions with d just less than d, . The width of DIII-D.23 By using this coil to increase the nonaxisymmetric this stable gap in the wall position increases as the plasma fields and slow the rotation, we have demonstrated the imdissipation and plasma rotation increases. A resistive wall portance of the plasma rotation near the q =2 and 3 surfaces.
very close to the plasma is unfavorable for stability. In the following section, we will briefly discuss the predictions of the recently developed theory, which includes both plasma rotation and plasma dissipation. In Sec. III, we will discuss the experiments performed on DIII-D to evaluate resistive wall stabilization. In Sec. IV, we discuss the equilibrium reconstruction and stability analyses of two high beta discharges: 80 108, with q(.O)<l, which reached ,G,=l2.6%, /3,=4.3; and 80 111, with q(O)>l, which reached /3,,,=3.8. The termination of these discharges and the impact of the toroidal rotation is discussed in Sec. V. A discussion of these results is included in Sec. VI.
The general features given by the dispersion relation are reproduced by various models, although the detailed dependencies of I-&s on plasma parameters are not yet well understood. A number of dissipation models have been evaluated,26 and stability is obtained, regardless of the type of dissipation as long as the dissipation is sufficiently large. With the addition of dissipation, the "resistive wall mode" begins to rotate with the plasma, and it is the rotation of the mode with respect to the wall that provides stability.
III. EXPERIMENTS TO EVALUATE THE STABILIZING INFLUENCE OF A RESISTIVE WALL

II. THEORETICAL PREDICTIONS
Until recently, theoretical predictions showed no increase in the stability limit of an ideal plasma with the addition of finite resistivity wall~.'~-'~ In the presence of a resistive wall the unstable mode was predicted to have nearly zero real frequency (w-0) and grow on the time scale for the mode to penetrate the wall, y=r; r . Recently, it was recognized that dissipation in a rotating plasma surrounded by a resistive wall could result in stabilization.24 The predictions of stabilization by dissipation and rotation has been demonstrated in numerical calculations,s4-26 and has also been predicted analytically.
To better understand the experiment, it is instructive to understand the predictions from the theory. We have chosen a form of the dispersion relation that follows that given by Zakharov and Putvinskii'3 and added a term to represent dissipation. The resulting dispersion relation is (y+id~)2--r; + (y+id2)rDIS = rz&w4 2dyTw+ 1
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Here the plasma is assumed to rotate uniformly with respect to the wall with rotation frequency 0, while l?, is the ideal growth rate with the wall at infinity, rDIs is the dissipation rate, d= h-a is the plasma to wall separation, d, is the separation distance at which an ideal conducting wall is no longer stabilizing, and rw= ,u,yb S, is the time constant of the wall, where (T is the wall conductivity, b is the wall radius, and Sis the wall thickness. The dispersion relation is
There are several experimental conditions required for a demonstration and evaluation of stabilization by a resistive wall. First, the experimental conditions must be such that the presence or absence of a wall is predicted to provide a substantial measurable change in maximum stable beta. Ideal stability calculations indicate that a conducting wall provides a large gain in the maximum stable beta in discharges with a broad current profile and low internal inductance, li , as has been shown for the simulated second stable core equilibria. ' Here li=( l/V)Jdu B;l(B$J, where BpA=pcc,llCp and Cp is the poloidal circumference. Large beta limit differences are calculated for equilibria obtained on DIII-D. With 1,=0.7, the maximum beta calculated to be stable without a wall is pN=2.8, but the maximum beta calculated to be stable with the DIII-D wall is p,=4.8. The gain in beta provided by a conducting wall is much less significant at higher li . For a DIII-D discharge at Zi~1.2, the maximum stable beta without a wall was found to be p,=3.3; and with the inclusion of the wall, the maximum stable beta was calculated to be pN=3..5. These calculations show that as li increases, the kink mode becomes more internal and therefore is less influenced by the presence of a wall. At yet higher Zi , the maximum stable beta is limited by high+ ballooning modes,13927 and is independent of wall location. To most clearly observe the stabilizing influence of a conduction wall, 10~ li , liSO.8 discharges are required.
Broad pressure profiles are also optimum for evaluating the effect of wall stabilization. It is found that the stability of discharge with peaked pressure profiles, in general, are determined by internal modes and that the presence or absence of a wall therefore does not affect the stability limit. In DIII-D H-mode discharges, the pressure profiles are typically quite broad, with the pressure peaking factor, p(O)l(p)=2.
The optimum plasma to wall distance for stabilization by a resistive wall is not clear. Using a wall conformal to the plasma, Bondeson et a1.23 calculated a ratio of the wall to plasma separation to plasma radius of dlae0.3 is near the optimum. For our wall stabilization experiments, we chose to use the standard DIII-D double-null configuration with a=0.62 m and the separation between the last closed flux surface and the wall at the outer midplane d = b -a =O. 13 m. This gives dlae0.2 at the outer midplane, but the consideration of the port openings in the wall and the fact that a larger plasma to wall separation exists away from the midplane increases the effective d/a.
Low li was obtained in the experiments by beginning the auxiliary heating very early in the current ramp. Immediately following plasma breakdown, the current profile is typically very broad, with [,%0.6. Deuterium neutral beam injection beginning at t=0.3 s heats the plasma and greatly lengthens the current penetration time of the plasma. An early H-mode transition further increases the edge temperature, broadening the temperature and the pressure profile, helping to maintain a low l; target. Tangential beams, [tangency radius= 1.16 m (Ra = 1.7 m)] are used for the early injection to maximize the toroidal momentum input, and thus the rotation frequency. Additional beam power, both tangential and perpendicular (tangency radius=0.77 m), is added at a later time to increase beta. The evolution for discharge 80 111 is shown in Fig. 1 , The early beam power also keeps q( 0) > 1, as shown in Fig. l(b) .
ion, except in the very edge region of the plasma.'* Values of toroidal rotation determined from the measured frequency of Mirnov oscillations are found to agree remarkably well with the fluid rotation, especially in the plasma core. The ZerF is determined from visible bremsstrahlung measurements along 16 tangentially viewing chords. The internal field pitch is calculated using the motional Stark effect: either an 8 or 16 chord system. The magnetic axis shift and the location of rational q surfaces are determined from two poloidal arrays of soft x-ray detectors. Magnetic measurements include 40 poloidal flux loops, 50 poloidal magnetic held probes, plasma current Rogowski loops, diamagnetic flux loops, and toroidal and poloidal coil current measurements. All the above data are used in the equilibrium reconstruction performed with the EFIT code.2g
A scaling of DIII-D experimental data is shown in Fig. 2 . The crosses in this figure include data from the DIII-D stability database prior to the recent wall stabilization experiments. Most discharges are heated with beam heating only during the plasma current flat top, with li in the range of 1 to 2. The high li DIII-D data, and data from other tokamaks led to a scaling of the beta limit with peaking of the current profile, PN<4 li .= As can be seen from the solid points in Fig. 2 , a number of discharges exceed the previous scaling PN=4 li by 40%.
IV. STABILITY ANALYSIS Detailed profile information was obtained throughout the
In order to show that a resistive wall provides stability, discharge evolution. The electron temperature and density we first show that the plasma is unstable in the absence of a profiles were measured using a multipulse Thomson system, wall. Detailed equilibrium reconstruction and stability analywith a time interval between pulses of 8 ms. Additional densis has been completed for two of the discharges, which sigsity data came from two vertically and one radially viewing nificantly exceed PN=4 Ei , discharge 80 11 I with q(O) >l, two-color interferometers. The ion temperature and rotation which reached 6=6-l%, p,,,=3.8, and 80 108 with q(O)<l, profiles are measured using a 32 channel CER spectrometer, which reached ,&-= 12.6%, &=4.3. In discharge 80 111, viewing a carbon impurity line. The toroidal rotation velocity q(O) was intentionally maintained above unity by early of the carbon impurity is nearly identical to that of the main beam injection during the current ramp with qg5c6. Main- taming q(O) above unity allows an unambiguous ideal stability analysis to be completed without the complication of the internal kink. Equilibrium reconstruction utilizing all the available data was completed for five different times from 0.62 to 0.705 s for discharge 80 111. The pressure profile is constrained by the measured thermal pressure profile and the calculated fast ion pressure. The CJ profile is constrained by the internal field line pitch measurements from MSE. The equilibria were obtained at high resolution, (129X129 grid), and were well converged. They were then tested for stability against the n = 1 kink mode with the stability code GATO.~' With no wall stabilization, the equilibria from 0.645 to 0.704 s are all found to be unstable to a global/external kink. The equilibrium at 0.62 s was found to be stable without a wall. The predicted maximum stable fir with no wall is found to be at &=4.1%+0.2%, p,=2.8. The attained maximum beta value is /3,=6.1%+0.2%, p,=3.8; 35% higher than the predicted ideal limit in the absence of wall stabilization. With an ideal conducting wall placed at the position of the DIII-D Inconel vessel, all the attained equilibria are stable to the n= 1 ideal kink, as shown in Fig. 3(a) . By maintaining the y profile approximately constant, and increasing the magnitude of the pressure, the maximum beta stable to the n=l kink with an ideal wall is found to be /3,=4.8.
It is known that the stability results depend on details of the profiles,13 especially the 4 profile. We determined that modest variations in the pressure profile did not significantly alter the predicted growth rate of the IZ = 1 ideal kink, but that variations in the 4 profile, especially q(O) did have an impact on the predicted growth rate. Variations in the equilibria, around the best fit equilibria were generated by varying q(O) within the bounds allowed by the uncertainty in the MSE data. For discharge 80 111, at 0.645 s the acceptable values ranged from 1.5 to 2.2 around the best fit value of q(0) = 1.65, while at 0.704 s the acceptable range was 1.2 to 1.7, with the best fit at q(0) = 1.35. Equilibria were generated with q(O) over this "acceptable" range, and in some cases outside me acceptable range, and tested for ideal stability.
The conclusions of the ideal kink stability analysis do not change for the allowable variations in the equilibria. In Fig. 3(b) , we show the growth rate of the lz = 1 ideal kink calculated by the stability code GATO,~' as the radius of the wall is increased. As can be seen, at both t=0.643 and t=0.704 s, the equilibria are unstable with no wall. The growth rate does depend on the profiles, but for both cases instability is clearly predicted over the entire range of the equilibria calculated. Furthermore, the critical wall location for stability varies very little over this range of equilibria. It is important to note that decreasing q(O) below the acceptable range decreased the predicted ideal growth rate. For t=0.704 s the lower bound on the growth rate shown in Fig.  3(b) is for q(0) = I. 1, for which the MSE 2 increases nearly a factor of 3 over the best fit value, q(O) = 1.35.
The highest beta discharge in DIII-D, discharge 80 108, pr= 12.6%, &=4.3, is also apparently wall stabilized. This discharge has q( 0) < 1, making the interpretation of ideal stability analysis difficult because of me presence of the internal m/n = 1 I1 kink. With no wall stabilization, me equilibrium is grossly unstable to an ideal kink with a very global structure. With an ideal wall at the DIII-D vessel location, stability analysis shows an internal kink with a smaller growth rate and a much smaller relative amplitude at the boundary, suggesting that the external kink has been stabilized. The internal kink is difficult to avoid in these stability calculations. All the equilibrium reconstructions give 4 near the axis below 1, with a minimum 4 in the range 0.87<q,,<O.93. If q(O) is below approximately 0.9, the protile is monotonic, and CJ( 0) = qmin . Increasing q( 0) is acceptable, consistent with the experimental data, but then the LJ profile becomes nonmonotonic with decreasing qmin as q(O) increases. All of these equilibria with qmin<l are predicted to be unstable to an ideal n = 1. To determine an upper bound on maximum stable beta with no wall it was necessary to eliminate the internal kink. We generated equilibria with a monotonic q profile and q( 0 j > 1: however, these equilibria have unacceptably high fitting errors. Nonetheless, by increasing q(0) to 1.05, we were able to obtain equilibria stable to the n = 1 ideal kink with PN up to 3.3. Decreasing s(O) toward me value obtained in the experiment reduces the maximum stable beta. The experimental value is /?ixp=4.3, so we conclude that this discharge is stabilized by the resistive wall.
V. DISCHARGE TERMINATION AND ROTATION
With few exceptions, all the wall stabilization experiment discharges ultimately terminated, either in a disruption for the cases of q(O)sl, or through a large-energy collapse, for cases of q( 0) > I. A common feature in the terminations is the appearance of a slowly growing, locked, or slowly rotating low m, n= I mode, which continued growing until discharge termination. The growth of these modes is always associated with a slowing in the plasma rotation. The high PN phase of discharge #80 111 is terminated by a slowly growing, very slowly rotating 3/l mode. During the high PN phase, the plasma rotation steadily decreased, as inferred from CER measurements and the frequencies of saturated, rotating 2/l and 5/2 tearing modes [see Fig. 4(b) ]. The rotation of the q=2 surface is slowing, but remains greater than 5 kHz, sufficient to provide stabilization of the m/n =2/l mode. However, the plasma rotation velocity at the 4 = 3 surface, as determined from charge exchange recombination (CER) spectroscopy, decreases to zero shortly before the onset of the instability. At 7 11 ms, a 3/l mode appears and grows with a 6 ms growth time, Fig. 4(c) . By examining the slow evolution of these nonaxisymmetric poloidal field fluctuations, as measured by a toroidal Mirnov array, the observed 3/l mode is found to have a rotation frequency of 25 Hz. Both the growth rate and the real frequency are in approximate agreement with the recent theory for the resistive wall mode, which includes both rotation and dissipation. The major loss of energy in 80 111, as seen from the decay in the central SXR, occurs when the mln=2/1 mode appears. Although not shown for this case, we expect that the slowing of the rotation at the q=2 surface is the important element in the loss of m/n =2/l stability.
The appearance of the slowly rotating 3/l mode in discharge #SO 111 is associated with the very slow rotation at the 9 =3 surface. On the basis of theory prior to 1993, which did not include dissipation, instabilities were expected to appear during the entire high PN phase independent of plasma rotation. However, the mode appeared only when the rotation was approximately zero. More recent theory and numerical calculations'g now suggest that the resistive wall mode can be stabilized for a range of wall positions if there is sufficient plasma rotation. The critical magnitude of the plasma rotation depends on the details of the model, but the early calculations suggest a few percent of the Alfvdn velocity or a substantial fraction of the sound speed. However, the measured rotation rate of the 3/l surface in discharge 80 111 appears to be very low before the instability appears.
To more accurately evaluate the magnitude of the rotation required for stabilization, magnetic braking by an applied nonaxisymmetric field was used to systematically reduce the plasma rotation.26s2g Recently, an error field correction coil (C coiI)23 was installed on DIII-D to reduce the inherent error field produced from a very small misalignment of the poloidal field coils. The C coil can also be used to increase the nonaxisymmetric field, and thus provide additional magnetic drag on the plasma.3"32 With the C-coil segments connected to produce an n = 1 field, we can produce primarily m = 1, 2, and 3 poloidal harmonics, with the higher poloidal harmonics very nearly zero. The field produced by the C coil therefore will interact with the plasma primarily at the 4 = 1, 2, and 3 rational surfaces and provides a momentum "drag" at these locations.
High beta discharges very similar to discharge 80 111 with q(O) above 1 were produced. During the high beta phase, the C coil was energized to reduce the rotation. Since 4 is everywhere above unity, the braking from the applied nonaxisymmetric fields is localized to the q=2 and 3 surfaces. With increasing coil current, or increasing nonaxisymmetric fields, it is found that the high beta phase terminates sooner: The temporal evolution of p for two similar discharges with a different C-coil current is displayed in Fig. 5 . On examining the toroidal rotation profiles, it is found that although the central rotation in these discharges remains high, the rotation at the q=2 and 3 surfaces is greatly reduced, as shown in Fig. 5(b) . When the rotation frequency near the 4 =2 and 3 surfaces is reduced below approximately 1 kHz, an unstable n = 1 mode is observed to grow and limit beta. It is important to note that the rotation outside of the q =2 and 3 surfaces continues as a consequence of the nature of the local interaction between the fields from the coil and the plasma, but it appears to be the rotation near the q =2 and 3 surfaces that is important for influencing stability kink [see Fig. 5(b) ].
This experiment suggests that the rotation near the loworder rational surfaces (q =2 and 3) is important, and that the critical rotation speed of these surfaces is near fi/2rr= 1 kHz. This rotation speed is significantly lower than the expected critical rotation speed from many of the theoretical predictions. But, recent numerical calculations by Chu using the MARL code indicate much slower rotation than originally expected appears to suffice for these highly shaped DIII-D equilibria in the presence of large perpendicular viscosity.26 
VI. DISCUSSION
These recent experiments with detailed profile measurements indicate that the DIII-D high beta discharges are wall stabilized. The experimental beta values achieved exceed by greater than 30% those values predicted by the ideal calculations with no wall stabilization. This result is insensitive to variations in the range of possible equilibria, consistent with the experiment measurements. The unstable modes, which are observed when the rotation velocity becomes too small, have both a growth rate and a real rotation frequency that is consistent with recent theoretical predictions. q =2 and 3 surfaces. However, at lower values of edge q, ELMS might remain a concern. Innovative ideas of how to robustly maintain the plasma rotation clearly can have a large impact on the realizable plasma beta.
Rotation is a key essential feature necessary for wall stabilization to occur, The onset of the unstable "resistive wall mode" occurs when the rotation of the outer low-order rational surfaces decreases below a critical value. The critical rotation speed is significantly lower than originally expected, near sW2rr=l kHz. A significant amount of additional research, both experimental and theoretical, remains to be completed to develop an understanding of the required rotation speed as a function of plasma properties and profiles. Theoretically, the rotation speed required depends critically on the magnitude of the dissipation. Precise models for the plasma dissipation remain to be established.
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